AR-L 115BS, a benzimidazole derivative, is a positive inotropic agent that has been shown to increase active tension development and unloaded shortening velocity of chemically skinned heart muscle preparations at submaximal activating levels of free Ca ++ . We measured the effect of AR-L on relations between free Ca ++ , bound Ca ++ and ATPase activity of dog cardiac myofibrils. At pCa 6, 100-300 /IM AR-L increased myofibrillar ATPase activity maximally by about 30%. The concentration of AR-L giving half-maximal activation of myofibrillar ATPase activity was about 10 /MM, and is similar to plasma concentrations associated with elevated contractility in intact animals. There was no effect of AR-L on myofibrillar ATPase activity at pCa 5 or 8, and the relation between pCa and percent activation of myofibrillar ATPase activity was shifted to the left by 0.4-0.5 pCa units in the presence of 100 fiM AR-L. Calcium binding by cardiac myofibrils was increased by AR-L in the presence and absence of MgATP by 0.2-0.3 nmol/mg myofibrillar protein over a broad range of free Ca ++ concentrations, a result suggesting that AR-L increases the affinity of myofibrillar troponin C for Ca ++ . The shift in the pCa giving half maximal and myofibrillar ATPase activity induced by raising the free Mg ++ from 1.0 to 10 DIM was unaffected by AR-L. These results indicate that the positive actions of AR-L 115BS on cardiac contractility may involve direct activation of myofibrils by virtue of an increased affinity of thin filament receptors for Ca ++ . (Circ Res 51: 290-294, 1982) 
SUMMARY. AR-L 115BS, a benzimidazole derivative, is a positive inotropic agent that has been shown to increase active tension development and unloaded shortening velocity of chemically skinned heart muscle preparations at submaximal activating levels of free Ca ++ . We measured the effect of AR-L on relations between free Ca ++ , bound Ca ++ and ATPase activity of dog cardiac myofibrils. At pCa 6, 100-300 /IM AR-L increased myofibrillar ATPase activity maximally by about 30%. The concentration of AR-L giving half-maximal activation of myofibrillar ATPase activity was about 10 /MM, and is similar to plasma concentrations associated with elevated contractility in intact animals. There was no effect of AR-L on myofibrillar ATPase activity at pCa 5 or 8, and the relation between pCa and percent activation of myofibrillar ATPase activity was shifted to the left by 0.4-0.5 pCa units in the presence of 100 fiM AR-L. Calcium binding by cardiac myofibrils was increased by AR-L in the presence and absence of MgATP by 0.2-0.3 nmol/mg myofibrillar protein over a broad range of free Ca ++ concentrations, a result suggesting that AR-L increases the affinity of myofibrillar troponin C for Ca ++ . The shift in the pCa giving half maximal and myofibrillar ATPase activity induced by raising the free Mg ++ from 1.0 to 10 DIM was unaffected by AR-L. These results indicate that the positive actions of AR-L 115BS on cardiac contractility may involve direct activation of myofibrils by virtue of an increased affinity of thin filament receptors for Ca ++ . (Circ Res 51: 290-294, 1982) AR-L 115BS IS a benzimidazole derivative ( Fig. 1 ) which, when infused into intact animals, increases contractility and reduces afterload (Diederen and Kodatz, 1981; Verdouw et al., 1981) . These effects make this compound interesting as a potentially useful agent in the treatment of heart failure, since it apparently combines two modes of alleviation of the disease.
The positive inotropic actions of AR-L 115BS appear to involve direct actions on cardiac muscle cells. Papillary muscle preparations treated with AR-L 115BS show an increase in peak isometric twitch tension that is unaffected by /J-adrenergic blocking agents (Diederen and Weisenberger, 1981) . Although the mechanism of this cardiotonic action of AR-L 115BS is unknown, there are data suggesting that it may alter the intrinsic properties of the myofibrils. Herzig et al. (1981) reported that, at a constant free Ca ++ concentration, AR-L 115BS increased force, immediate stiffness, and V ma x of bundles of heart cells chemically skinned with glycerol and detergent. This direct action of AR-L 115BS on the contractile machine itself is different from common positive inotropic agents such as isoproterenol and digitalis which apparently function by altering the Ca ++ flows to the contracto-regulatory protein complex (Schwartz, 1977; Tsien, 1973) .
A plausible hypothesis for the mechanism of the direct action of AR-L 115BS on the myofibrils is that AR-L increases the affinity of myofibrillar receptors for Ca ++ . In experiments described here, we have tested this idea by measuring the effects of AR-L 115BS on the relations between free Ca ++ , ATPase activity, and bound calcium of cardiac myofibrils.
Methods
Cardiac myofibrils free of membrane contaminants were prepared from ventricular tissue of dog hearts using procedures described by Solaro et al. (1971) and Solaro and Shiner (1976) . The myofibrillar fraction was washed once by resuspension and centrifugation in 10 volumes of 1 DIM EGTA, 60 mil KC1, 30 miu imidazole, 2 miu MgCU, pH 7.0. The pellet was then washed three times in 10 volumes of the same buffer without EGTA and resuspended to a protein concentration of 10-15 mg/ml as determined by the method of Lowry et al. (1951) .
Myofibrillar ATPase activity was determined at 21°, pH 7.0, by measuring the release of inorganic phosphate (Pi) in 1-ml incubation mixtures containing 0.5-1.0 mg/ml myofibrillar protein, 80 mM KG, 20 mM imidazole, 2.0 HIM Na2ATP, 3.0 mM MgCl2, and 1 mM EGTA. Reactions in which we measured ATPase activity were started by the addition of ATP following a 6-minute pre-incubation with or without varying concentrations of AR-L 115BS. AR-L 115BS (Vardox; Boehringer-Ingelheim, Dr. Karl Thomae GmbH, 7950 Biberach 1, FRG) was stored dessicated at -20° in a "light-tight" container. A 1 mM aqueous solution of AR-L 115BS was prepared immediately before each experiment. Reactions were quenched by the addition of an equal volume of ice-cold 10% trichloroacetic acid. The
protein was pelleted by centrifugation and Pi was assayed in the supernatant fraction using the method of King (1938) . Standard curves in the Pi assay were unaffected by AR-L 115BS.
Myofibrillar bound calcium was determined at 21°, pH 7.0, by a modification of a procedure described by Solaro and Shiner (1976) , in 2-ml reaction mixtures containing 2-3 mg/ml myofibrillar protein, 80 ITIM KC1, 20 mM imidazole, 2.0 mM Na 2 ATP, 3.0 mM MgCb, 5 mM d-glucose, 0.3 /iCi/ ml 45 CaCl 2 , and 0.3 ftCi/ml 3 H-d-glucose. In experiments done without Na2ATP, the MgCk was reduced to 1 mM. CaCl2 and EGTA concentrations were adjusted so that each tube contained a constant 50 fiM CaEGTA with free Ca ++ varying between 10~8 and 10~4 M. Computations were done as described by Fabiato and Fabiato (1979) . It is important that, in future use of this and other computer programs, the absolute stability constants of hydrogen ligand complexes be increased by 0.12 logio units. As pointed out by Tsien and Rink (1980) , this correction transforms the constants into "mixed association constants" including activity and concentration terms. A batch containing all ingredients except ATP with or without AR-L 115BS was prepared, and samples of the batch were added to preweighed centrifuge tubes containing varying concentrations of CaCl2 and EGTA. ATP was added and each tube was well mixed and immediately centrifuged at 1000 g for 20 minutes. The supernatant fraction was poured off, and after its weight had been determined, the pellet was thoroughly resuspended in 0.5 ml of 50 mM CaCl2. Samples were counted for 3 H and 45 Ca in a Beckman LS6800 liquid scintillation spectrometer and the myofibrillar bound calcium was computed from the ratio of H to 45 Ca in supernatant and pellet fractions.
Results
At pCa 6, AR-L 115BS increased the activity of cardiac myofibrillar ATPase in a dose-dependent manner (Fig. 2) . The effect was significant over a broad range of AR-L concentrations, but activation of myofibrillar ATPase activity by AR-L was less than its effect on isometric tension development of chemically skinned heart muscle cells. The data of Herzig et al. (1981) showed a 30-50% increase in tension between 10 and 300 / KM AR-L, whereas myofibrillar ATPase activity increased by 15-30% over the same concentration range.
Activation of myofibrillar ATPase activity by AR-L was dependent on the free Ca ++ concentration in which the measurements were made (Figs. 3 and 4). In Figure 3 , we show results of measurements of the time course of Pi liberation by myofibrillar preparations incubated with and without AR-L at pCa 6 and pCa 8. AR-L induced a significant (P < 0.05) increase in the ATPase activity at pCa 6, but there was no effect at pCa 8. Data in Figure 4 show the effect of AR-L on myofibrillar ATPase activity over a range of free Ca ++ concentrations. There was no effect of AR-L on the maximum myofibrillar ATPase activity between pCa 5 and 4, and as illustrated in Figure 4 , normalization of the data to the maximum activity shows that AR-L induces a ~0.4 pCa unit leftward shift of the pCa-myofibrillar activity relation. This magnitude of increased sensitivity of myofibrillar aC- Figure  2 in the absence and presence of 100 /JM AR-L 115B5. Added CaCh was varied between 0 and 1.1 n\M and the pCa's computed using 2.514 X 10 e M "' as the apparent affinity of Ca ++ for ECTA at pH 7.0. tivity to Ca ++ is close to that obtained by Herzig et al. (1981) in studies on tension development and V ma x of chemically skinned bundles of heart muscle cells, and suggests that AR-L increases the affinity of myofibrillar Ca ++ binding sites which regulate ATPase activity. To test this, we measured the effect of AR-L on myofibrillar Ca ++ binding activity.
Data in Table 1 summarize effects of AR-L on myofibrillar ATPase activity and Ca ++ binding at pCa 6, and Figure 5 shows the effect of AR-L on the titration of myofibrillar Ca ++ binding sites. In the presence of AR-L, there was a significant increase of myofibrillar bound Ca ++ over a broad range of free Ca ++ concentrations.
The increase in myofibrillar Ca ++ binding induced by AR-L could be due to a direct effect on the affinity of troponin C for Ca ++ or to an indirect effect caused by an increased thick filament interaction with the thin filament. For example, it has been shown that reductions in ionic strength and MgATP, both of which increase the affinity of actin for myosin but have no direct effect on troponin Ca ++ binding, increase thin filament Ca ++ binding (Bremel and Weber, 1971; Solaro et al., 1976) . We therefore measured the effect of AR-L on myofibrillar Ca ++ binding in the absence of MgATP. Figure 6 shows that removal of MgATP from the incubation solution caused enhanced myofibrillar Ca ++ binding and that addition of AR-L increased myofibrillar bound Ca above that induced by the removal of MgATP. This result suggests that the effect of AR-L on myofibrillar Ca ++ binding may be independent of alterations in thick filament-thin filament interactions, and is most likely due to a direct effect on thin filament Ca ++ receptors regulating reactions between actin and myosin.
The increase in myofibrillar Ca ++ binding in the presence of AR-L could be due to an increase in the affinity of thin filament receptors for Ca ++ or to a reduction in their affinity for Mg ++ . To test this, we compared the effect of AR-L on the relation between pCa and myofibrillar ATPase activity in 1.0 and 10 min free Mg ++ (Fig. 7) . As we (Solaro and Shiner, 1976) have previously shown, increasing free Mg ++ in this way causes a rightward shift of the pCa-ATPase activity relation by about 0.8 pCa unit. Data in Figure  7 show that nearly the same shift is obtained in the presence of AR-L. This suggests that the enhancement of myofibrillar Ca ++ binding in the presence of AR-L is most likely not due to a reduction of the Mg ++ affinity of the regulatory sites of the thin filament. If this were the case, we would have expected less of a rightward shift in the presence of AR-L upon increasing the free Mg ++ from 1 to 10 nrn. This conclusion is based on the assumptions that the reciprocal of the half-maximally activating free Ca ++ (pCaso) corresponds to the apparent stability constant (Kapp) for Ca ++ binding to the regulatory sites and that the effect of Mg ++ on the pCaso involves competition between Mg + + and Ca ++ , with
Kabs
( 1 ) 1 + K Mg (Mg) ( 1 ) where, at constant pH, K. M g is the Mg stability constant and Kabs is the absolute stability constant for Ca ++ binding to the regulatory sites.
The ratio of Kapp's (1/pCaso) at 1 and 10 ITIM free Mg ++ is given by:
Kapp(l mti Mg ++ ) _ 1 + K Mg (0.01) Kapp(10mM Mg ++ ) K Mg (0.001)'
Since this ratio is nearly the same whether ARL is present or not, it is unlikely that KM g is affected by AR-L. 
Discussion
The results of experiments described here support the hypothesis that AR-L 115BS represents a class of positive inotropic agent acting directly on the cardiac myofibrils. AR-L increases ATPase activity of membrane free myofibrillar preparations (Fig. 2) and V max and isometric tension development of glycerol extracted, detergent-treated bundles of heart muscle cells (Herzig et al., 1981) . Other positive inotropic agents such as cardiac glycosides and catecholamines do not have this effect and appear to depend on membrane-related functions for their action. It is likely that these classes of compounds influence myofibrillar activity indirectly either by altering Ca ++ flows to the myofibrils or by activation of cAMPdependent kinases and protein phosphorylations (Schwartz, 1977; Tsien, 1977) .
The activation of myofibrillar ATPase activity by AR-L appears to be due to its effect on the Ca ++ sensitivity of the myofibrils rather than to direct effects on myosin or the actomyosin reaction. AR-L had no effect at free Ca ++ concentrations below the threshold for activation of myofibrillar ATPase activity ( Figs. 3, 4, and 7) or V ma * and tension development of chemically skinned preparations of heart muscle (Herzig et al., 1981) . Moreover, at saturating levels of free Ca ++ , AR-L had no effect with respect to activation of myofibrillar ATPase activity ( Figs. 4 and 7) or Vmax and tension development (Herzig et al., 1981) . These results are predicted if the actions of AR-L are restricted to effects on the affinity of the Ca ++ receptor-regulating myofibrillar activity, i.e., that there is no effect of AR-L on the intrinsic activity of the myosin and actomyosin ATPases. This idea is further supported by results illustrated in Figures 5 and 6 in which we show that AR-L shifts the relation between pCa and myofibrillar bound Ca ++ to the left by about 0.6 pCa unit and thus increases the amount of Ca ++ bound by myofibrils over the pCa range activating myofibrillar ATPase activity.
There is convincing evidence that the cardiac myofibrillar receptor activating the actin myosin interaction and titrating Ca ++ over the range of activating pCa's is troponin C (TnC) (Holroyde et al., 1981; Solaro et al., 1981) . It follows that the influence of AR-L on myofibrillar Ca ++ binding is due to the effect of the drug on the TnC of cardiac myofibrils. Results of experiments shown in Figures 6 and 7 provide further evidence that AR-L directly affects Ca ++ binding sites of myofibrillar TnC. AR-L increased myofibrillar Ca ++ binding whether or not MgATP was present in the incubation mixtures (Fig. 6 ). In the absence of MgATP, rigor complexes form between actin and myosin and it has been shown that the affinity of TnC for Ca ++ is enhanced because of cooperative interactions between proteins along the thin filament. Indeed, AR-L increased myofibrillar Ca ++ binding above the increase resulting from the cooperative effects induced by rigor linkages. Although not conclusive, this result provides indirect evidence that AR-L affects TnC directly rather than indirectly via an effect on cooperative interactions along the thin filament.
A second kind of indirect effect on TnC Ca ++ binding could result from a reduction of Mg ++ affinity induced by AR-L. The two high affinity Ca ++ binding sites of Tn bind Mg ++ with an affinity of 3 X 10 3 M" 1 and the single low affinity site binds Mg ++ with an affinity of 2 X 10 2 M" 1 (Holroyde et al., 1981) . A reduction in these affinities for Mg ++ would increase the apparent affinity of Tn for Ca ++ . Yet results reported in Figure 7 showing no effect of AR-L on the rightward shift of the myofibrillar pCa-ATPase activity relation when the free Mg ++ was increased from 1 to 10 min argue against an effect of AR-L on the Mg ++ affinity of Tn.
A direct effect on the myofibrils requires that AR-L enter the cell.-Although AR-L is a low molecular weight (287.3 g/mol), relatively lipophilic molecule (Kutter and Austel, 1981) , there is not yet direct evidence that it enters heart cells. Yet AR-L directly activates the myofibrils in a concentration range close to the plasma concentrations of AR-L 115BS associated with positive inotropic effects in intact pigs (Verdouw et al., 1981) . Effects of AR-L on cardiac cell membranes have not been studied extensively, but there are data showing that AR-L 115BS enhances the process of Ca ++ -induced Ca ++ release in mechanically skinned heart muscle cells. The effects of AR-L on cardiac muscle cells may, therefore, involve multiple sites of action. In the intact animal, AR-L has a number of effects depending on the dose. Contractility, heart rate, and preload are increased and afterload is decreased (Diederen and Kadatz, 1981; Verdouw et al., 1981) . Thus, whereas direct effects of AR-L on the heart appear to be a likely mode of action of the drug, in the intact animal effects of AR-L on cardiac output most likely are the result of a variety of pharmacological actions.
